Malaria is one of the most significant causes of infectious disease in the world. The search for new antimalarial chemotherapies has become increasingly urgent due to the parasites' resistance to current drugs. Ellagic acid is a polyphenol found in various plant products. In this study, antimalarial properties of ellagic acid were explored. The results obtained have shown high activity in vitro against all Plasmodium falciparum strains whatever their levels of chloroquine and mefloquine resistance (50% inhibitory concentrations ranging from 105 to 330 nM). Ellagic acid was also active in vivo against Plamodium vinckei petteri in suppressive, curative, and prophylactic murine tests, without any toxicity (50% effective dose by the intraperitoneal route inferior to 1 mg/kg/day). The study of the point of action of its antimalarial activity in the erythrocytic cycle of Plasmodium falciparum demonstrated that it occurred at the mature trophozoite and young schizont stages. Moreover, ellagic acid has been shown to potentiate the activity of current antimalarial drugs such as chloroquine, mefloquine, artesunate, and atovaquone. This study also proved the antioxidant activity of ellagic acid and, in contrast, the inhibitory effect of the antioxidant compound N-acetyl-L-cysteine on its antimalarial efficacy. The possible mechanisms of action of ellagic acid on P. falciparum are discussed in light of the results. Ellagic acid has in vivo activity against plasmodia, but modification of the compound could lead to improved pharmacological properties, principally for the oral route.
New drugs against malaria are urgently needed, and traditional methods of malaria treatment could be a promising source of new antimalarial compounds (5) . We have recently initiated several collaborative programs with West African countries aimed at selecting, by ethnopharmacological methods, plants largely used by traditional healers and the local populations for malaria treatment. The in vitro antiplasmodial activities of the crude extracts and fractions (from bioguided fractionation of the promising crude extracts of plants) enabled us to identified ellagic acid as one of the active ingredients. The in vitro antimalarial activity of this molecule was previously reported by other researchers (3, 10) . In this study, we clarify the high level of in vitro and in vivo antiplasmodial properties of ellagic acid, its antioxidant activity, and its potential pro-oxidant effect and gain a deeper understanding of its mechanisms of action.
MATERIALS AND METHODS
Compounds. Ellagic acid hydrate ( Fig. 1 ) was obtained from Acros Organics (Belgium), with a molecular weight 302.19 g/mol. The following other reagents were also obtained: chloroquine diphosphate salt (Sigma, France), mefloquine hydrochloride (Hoffmann-La Roche, Switzerland), artesunate (Sanofi-Synthelabo, France), artemisinin (Sigma, Germany), and atovaquone (GlaxoSmithKline, United Kingdom).
In vitro antiplasmodial activity. Five strains (W2-Indochina, FcM29-Cameroon, FcB1-Colombia, F32-Tanzania, and Dd2) of Plasmodium falciparum were used to evaluate in vitro antiplasmodial activity. These strains were continuously cultured using standard methods (27) . The in vitro antiplasmodial activity was evaluated by the radioactive micromethod as previously described (4, 11) . Each 50% inhibitory concentration (IC 50 ) was calculated as the concentration inhibiting 50% of parasitic growth.
In vitro cytotoxicity tests. The cytotoxicity of ellagic acid was tested against MRC5 (human diploid embryonic lung), KB (human epidermoid carcinoma), and Vero (African green monkey kidney) cells in culture. The cells were grown in Dulbecco's modified Eagle's medium supplemented with 25 mM glucose, 10% (vol/vol) fetal calf serum, 100 IU penicillin, 100 g/ml streptomycin, and 1.5 g/ml amphotericin B and kept under 5% CO 2 at 37°C. Ninety-six-well plates were seeded with 600 cells per well in 200 l of medium. Twenty-four hours later, ellagic acid, first dissolved in dimethyl sulfoxide (DMSO) and then diluted in RPMI medium, was added (the final concentration of DMSO was 1%), and the cells were incubated for a further 72 h. Controls received an equal volume of DMSO. The number of viable cells was then measured at 490 nm with MTS reagent (Promega), and the IC 50 was calculated as the concentration of compounds eliciting a 50% inhibition of cell proliferation.
In vitro potentiation tests. The synergy between ellagic acid and chloroquine, artemisinin, artesunate, mefloquine, and atovaquone was assessed by potentiation experiments as previously described (7). Chloroquine-resistant Plasmodium falciparum strain W2-Indochina (IC 50 for chloroquine of 300 nM), was used. Several combinations of ellagic acid and the corresponding other molecules were incubated in 96-well plates, and the inhibition was evaluated as described above. The ellagic acid 50% fractional inhibition concentrations (FIC 50 s) were calculated by dividing the IC 50 of the combination by the IC 50 of ellagic acid alone. The corresponding other molecule FIC 50 was also calculated. Potentiation results are the fractional inhibition concentrations indicating the type of the combined effect of drugs. The final value of the FIC 50 indicated if the interaction was an additive (FIC 50 equal to 1), antagonistic (FIC 50 was Ͼ1), or synergistic (FIC 50 was Ͻ1) effect.
Chloroquine-and mefloquine-resistant reversion assays. To know if the synergistic association of ellagic acid with chloroquine and mefloquine was not due to a chloroquine-and mefloquine-resistant reversion effect, a chloroquine-resistant reversion test was carried out as a positive control using verapamil hydrochloride (Sigma, France) on chloroquine-resistant strain W2-Indochina (IC 50 for chloroquine of 300 nM) and on chloroquine-sensitive strain F32- Tanzania (IC 50 for chloroquine of 30 Ϯ 2 nM) according to the experimental procedures described previously by Martin et al. (16) . For a mefloquine resistance reversion assay, the positive control consisted of using penfluridol (Sigma, France) (17, 18) , a piperidine analogue, and Plasmodium falciparum strains FcM29-Cameroon, sensitive to mefloquine (IC 50 of 7 Ϯ 4 nM), and Dd2, which showed a reduced susceptibility to mefloquine in vitro (IC 50 of 21 Ϯ 3 nM). Amplification assays of the P. falciparum MDR1 gene on strains Dd2 and FcM29 confirmed that Dd2 showed a reduced susceptibility to mefloquine by expressing an average of three copies, compared with reference strain FcM29, which expressed only one copy (data not shown). This agrees with previous reports showing the same results (20) .
The 50% reversant concentration (CR 50 ) was determined in three independent experiments.
Stage of ellagic acid action in the erythrocytic life cycle. Strain FcB1-Colombia was synchronized to a 4-h period. The method consisted of alternatively synchronizing young forms with 5% D-sorbitol and late forms with Plasmion (15) . Ellagic acid was tested in 24-well plates with cultures at 0.5 to 1% parasitemia (hematocrit, 2%). Cultures were subjected to 8-h pulses (corresponding to onesixth of the erythrocytic cycle time). The ellagic acid concentrations used on strain FcB1 were 25 ng/ml, 100 ng/ml (IC 50 against FcB1), and 250 ng/ml. After being pulsed, the cultures were washed three times with RPMI 1640 medium (Gibco Invitrogen, France) and then returned to normal conditions. At the end of the experiment (the ring stage of the next erythrocytic cycle), parasitemia was calculated by microscopic examination and counting of Giemsa-stained smears (6) . The results were expressed as a percentage of inhibition of parasitic growth.
Test of antiplasmodial activity in vivo. In vivo assays of ellagic acid were performed on a rodent malaria strain of the parasite (Plasmodium vinckei petteri), with the classical 4-day suppressive test after inoculation of 2 ϫ 10 7 parasites/mouse (19) . Artesunate (5 mg/kg/day) was used as a control. Three doses of ellagic acid were tested (1, 50, and 100 mg/kg/day). Groups of five mice (Swiss female mice, 8 weeks old) were used for each dose. Control mice were treated with the vehicle either orally or intraperitoneally. Another five mice were kept as untreated controls (same batch, no parasite, and no treatment), and finally, five mice were inoculated but not treated.
Female Swiss mice (Janvier, Fance) weighing around 30 g were inoculated intraperitoneally or per os daily for 4 consecutive days. The first treatment started 3 h after parasite inoculation, and the others were given at the same time on the following days. Parasitemia levels (parasitized erythrocytes/total erythrocytes) were determined on day 4 with thin blood smears.
The ED 50 was assessed as the dose leading to a 50% inhibition of parasite growth compared with growth in the control (treated with an equal volume of vehicle: 100 l of a 50:50 mixture of physiological serum and DMSO).
The mice were monitored after day 4 until day 60, and every week, parasitemia was determined. Surviving mice treated intraperitoneally or per os were monitored every day until day 60.
In vivo prophylaxis-curative test. Groups of five mice (Swiss female mice, 8 weeks old) were used, and 1 million parasites (P. vinckei petteri) were injected intraperitoneally into mice at day 0. Mice were treated with ellagic acid in the vehicle either orally (100 mg/kg/day) or intraperitoneally (10 mg/kg/day) for 4 days. For the first group, mice were treated for 4 days before parasite inoculation (day Ϫ4 to day 0), and for the second group, mice were treated for 4 days after parasite inoculation (day 0 to day 4). The third group was treated for 8 days, from 4 days before parasite inoculation until 4 days after (day Ϫ4 to day 4). Parasitemia levels were determined on day 6 and day 8 with thin blood smears and compared with controls (mice treated with equal volumes of vehicle either orally or intraperitoneally). Surviving mice were monitored every day until day 60.
In vivo toxicity test. Toxicity was evaluated via the oral and intraperitoneal routes. Healthy 8-week-old female Swiss mice (Janvier, France) were treated with concentrations of ellagic acid between 100 mg/kg/day and 1 g/kg/day once a day for four consecutive days and observed for 30 days, and mortality and any signs of toxicity were recorded.
Any procedures involving animals fully conformed to Europeans regulations (EEC directive 86/609, dated 24 November 1986). The experiments involving animals were carried out in the animal room of the Parasitology Department of University Hospital (Toulouse, France), which is under the control of the National Veterinary Services. Modulation of antimalarial activity by NAC and antioxidant effects of ellagic acid. The modulating effects of N-acetyl-L-cysteine (NAC) (Sigma, France) on the antimalarial activity of ellagic acid were assessed using strain FcM29. The experimental procedures were adapted from the protocol described previously by Arreesrisom et al. (2) . The final concentration of NAC used without an effect on parasitic growth was 0.87 M. The final concentration in the culture medium of ellagic acid was 0.18 M (IC 50 of ellagic acid for strain FcM29). The antiplasmodial activity was evaluated by the radioactive micromethod.
The oxygen-dependent respiratory burst in treated human monocytes was measured by chemiluminescence in the presence of 5-amino-2,3-dihydro-1,4-phthalazinedione (luminol) using a thermostatically (37°C) controlled luminometer (Wallac 1420; Victor 2 , Finland). The generation of chemiluminescence was monitored continuously for 1 h after incubation of the cells with luminol (66 M), and cells were treated with phorbol myristate acetate (PMA) (30 M) and ellagic acid (3.3 M). The measurements were performed in duplicate, and statistical analyses were done using the area under the curve expressed in counts ϫ seconds.
RESULTS
Ellagic acid inhibits Plasmodium growth in vitro without cytotoxicity. The data for the antimalarial activity of ellagic acid in vitro on five P. falciparum strains are shown in Fig. 2 and Ellagic acid potentiates the in vitro antiplasmodial activity of the major antimalarial drugs. Ellagic acid showed synergistic activity with chloroquine, atovaquone, mefloquine, and artesunate but was slightly antagonistic with artemisinin ( Table 2) .
To determine if the synergism of ellagic acid with chloroquine was not due to a chloroquine-resistant reversion effect, the chloroquine-resistant reversion by ellagic acid was compared with the effect of the known chloroquine-resistancereversing compound verapamil on strain W2. The results in Fig. 3 show that ellagic acid was not a reversal agent of chloroquine resistance as was verapamil, which had a CR 50 of 0.31 Ϯ 0.07 M. This reversion effect was not found on chloroquine-sensitive strain F32, which was used as a negative control for our experiments.
Ellagic acid shows reversion on strain Dd2, with reduced susceptibility to mefloquine. The mefloquine-resistant reversion effect of ellagic acid was carried out in comparison with the effect of penfluridol on strain Dd2. The results in Fig. 4 show the reversal effect of ellagic acid on reduced mefloquine susceptibility strain Dd2, with a CR 50 of 5 Ϯ 4 ng/ml. This reversal effect is more important than that of the control with penfluridol, which reverses only at a CR 50 of 96 Ϯ 7 ng/ml. We did not find this reversal effect with mefloquine-susceptible strain FcM29, which was used as a negative control.
Ellagic acid acts on late stages of the erythrocytic Plasmodium life cycle. During the erythrocytic life cycle, the period of activity of ellagic acid at pharmacological doses was between the 24th and the 40th hours (Fig. 5 ). This period in the eryth- rocytic life cycle corresponds to the trophozoite and early schizont forms of the parasites. This stage of the malaria life cycle is the most metabolically active phase, with protein, RNA, and DNA synthesis taking place (1) .
Intraperitoneal ellagic acid shows high curative antiplasmodial activity in vivo and also prophylactic effects without any toxicity. Mice infected with Plasmodium vinckei petteri were treated with 1, 50, and 100 mg/kg/day of ellagic acid by the oral and intraperitoneal routes. The results showed that with the 4-day suppressive test, the ED 50 of ellagic acid administered by the intraperitoneal route was inferior to 1 mg/kg/day (Fig. 6) , and at doses of 50 and 100 mg/kg/day, 100% inhibition of parasite growth was obtained. On the other hand, mice treated orally showed very little inhibition of parasite growth.
The parasitemia of surviving mice treated orally and intraperitoneally was monitored from days 5 to 60. No recrudescence of malaria was observed in mice treated intraperitoneally with 50 and 100 mg/kg/day of ellagic acid and 5 mg/kg/day of artesunate until day 60.
To assess the prophylactic effects of ellagic acid, mice were also treated either by the oral (100 mg/kg/day) or by the intraperitoneal (10 mg/kg/day) route with ellagic acid 4 days before and/or after parasite inoculation. The parasitemia levels at day 6 showed that there was a high protective effect on mice treated intraperitoneally with ellagic acid before parasite inoculation (Fig. 7) . Mice treated orally, the controls, and those that received treatment after inoculation died from a high level of parasitemia 7 days after parasite inoculation, whereas mice treated with ellagic acid by the intraperitoneal route before parasite inoculation were still alive at day 9.
Because of the interesting antimalarial properties in vivo, toxicity tests were carried out with mice, using doses of 100, 250, 500, 750, and 1,000 mg/kg/day by the oral and intraperitoneal routes during four consecutive days. The mice were monitored until day 30. No mortality was observed whatever the dose of ellagic acid and the route used (data not shown). We concluded that there was no toxicity of ellagic acid by the oral or intraperitoneal route in mice given a 50% lethal dose of up to 1 ϫ 4 g/kg/day, and thus, the therapeutic index by the intraperitoneal route was up to 1,000 for the suppressive test (or superior to 4,000 with cumulative doses).
Ellagic acid has antioxidant properties, but its level of antimalarial activity is decreased by NAC. The modulating effects of NAC (an antioxidant compound) on the inhibition of parasite growth by ellagic acid were assessed using Plasmodium falciparum strain FcM29 with an NAC concentration of 0.87 M. This concentration of NAC used in the incubation medium was in accordance with the dosing scheme described in In the presence of NAC, the inhibition of parasite maturation by ellagic acid was reduced, while alone, NAC was without effect on the parasitic growth of strain FcM29 (Fig. 8) .
The antioxidant effect of ellagic acid was measured by chemiluminescence in the presence of PMA, which is a powerful inducer of the production of reactive oxygen species (ROS) in human monocytes. As can be seen in Fig. 8 , the antioxidant properties of ellagic acid reduced the production of ROS.
DISCUSSION
Ellagic acid is a polyphenol found in numerous fruits and vegetables, and this molecule seems to be a primary component of several tannin-bearing antimalarial plants found in African flora (28) .
The first report of the inhibition of the growth of Plasmodium falciparum by ellagic acid extracted from plants (Tristaniopsis calobuxus of New Caledonia) was done by Verotta et al. (29) , who obtained an IC 50 of ellagic acid, whatever the chloroquine resistance of strains used, of between 103 and 145 ng/ml (331 and 480 nM). Similar results were found by Banzouzi et al. (3) with ellagic acid from Alchornea cordifolia (West African plant). These results are in accordance with ours, with our IC 50 s being between 105 and 330 nM. In contrast, no antimalarial activity of ellagic acid (extracted from Punica granatum L) was found by Reddy et al. (21) . In all our experiments, ellagic acid hydrate was bought from Acros Organics in order to obtain pure (97%), cheap, and reproducible batches.
Synergism was found between ellagic acid and current antimalarial drugs (chloroquine, artesunate, mefloquine, and atovaquone), and this is the first report of this potentiation in vitro. This synergy with current antimalarial drugs could enable the quantity of each drug to be reduced during the treatment and thus limit the side effects. Such synergy is interesting in the fight against the emergence of resistance, which is one of the major problems in eradicating malaria. Although ellagic acid showed no reversant activity on chloroquine resistance, mefloquine reduced susceptibility in strain Dd2. In zones of endemicity, P. falciparum mdr1 gene amplification has been implicated in the reduced susceptibility of P. falciparum isolates to several drugs such as quinine, halofantrine, and mefloquine (9).
Reddy et al. (21) and Verotta et al. (29) previously suggested that ellagic acid had negligible cytotoxicity. In our case, the ratio between cytotoxicity and activity showed an in vitro selectivity index of more than 495. In addition, ellagic acid showed high levels of activity and prophylactic effects in vivo in a murine model when administered by the intraperitoneal route and without any toxicity. In a curative test, the ED 50 of ellagic acid for Plasmodium vinckei petteri was around 1 mg/kg/day by the intraperitoneal route. In comparison, artesunate, the most potent artemisinin derivative, under the same conditions (similar vehicle and same murine Plasmodium strain), showed an ED 50 inferior to 5 mg/kg/ day. In prophylactic-curative tests, mice treated with ellagic acid by the intraperitoneal route before parasite inoculation had a high-level reduction (between 79 and 93%) of parasitemia compared with the controls at day 6, suggesting a prophylactic effect of ellagic acid. Poor activity of ellagic acid was found when administered orally, probably due to lower bioavailability. It was previously shown in rats that ellagic acid is partially absorbed, metabolized by intestinal flora, and excreted in bile and urine as glucuronide and glutathione conjugates (25) . A more recent study using rats indicated that only 9.6% of ellagic acid was detected in stomach 1 h after oral ingestion and that after 2 h, only traces were detected. Moreover, no ellagic acid was detected in any of the rat organs/ tissues or fluids collected over 24 h after consumption (8) . In mice, ellagic acid presents the highest concentrations in blood only 30 min after oral administration, with absorption occurring mostly within 2 h (26).
Weak levels of ellagic acid in blood after oral administration could explain the absence of in vivo efficacy by this way in our study. Even with a high concentration (1 g/kg/day), no antimalarial efficacy was reported, explaining rather chemical modifications of ellagic acid in stomach or in the gastrointestinal tract, with a loss of its antimalarial activity.
This loss of the antiplasmodial activity of ellagic acid after oral administration found in our study is correlated with the limited bioavailability of ellagic acid reported after pomegranate juice ingestion (24) . These results are thus not limited to the anti-Plasmodium activity of ellagic acid but could be transposed to potential chemopreventive, antioxidant, and anti-inflammatory bioactivities of ellagitannins as used by health food consumers (especially in the United States), who appreciate pomegranate juice because it is one of the richest sources of ellagic acid. Protection of ellagic acid from stomach acidity or the synthesis of a prodrug that is able to release efficient amounts of ellagic acid in the plasma could be considered. It may be possible to enhance the oral absorption of ellagic acid by using metabolites. For example, oral treatment with ellagitannins, which, after hydrolysis, release ellagic acid in the jejunum (12), could also be explored. Indeed, the intestinal flora then metabolizes ellagic acid to metabolites, which were absorbed preferentially, with their lipophilicity being increased (12) .
Additional absorption, distribution, metabolism, and excretion studies might be used in lead optimization to profile compound derivatives or metabolites or even other salt forms (13) .
The point of action of ellagic acid in the parasite life cycle corresponded with protein and nucleic acid synthesis. The pharmacological targets of ellagic acid and its mechanism of action on P. falciparum are not well known. However, Dell'Agli et al. (10) previously investigated the activity of recombinant plasmepsin II, one of the hemoglobin proteases, and the in vitro detoxification of hematin into ␤-hematin. They showed that ellagic acid inhibited the formation of ␤-hematin like some quinoline antimalarial drugs because of its ability to form a -complex and had an IC 50 three times higher than that of chloroquine. Currently, plasmepsin II is not considered to be an antimalarial target.
Previous reports of ellagic acid showed its effective antioxidant properties and biological effects including antimutagenic and tumor chemoprotective activities (21, 23) .
In the present study, the antioxidant activity of ellagic acid was confirmed by using PMA on human monocytes (Fig. 9) . At the same time, ellagic acid, in the presence of the known antioxidant NAC, showed reduced in vitro antimalarial activity (range, 15 to 40%) (Fig. 8) . The concentration of NAC used was 0.87 M, and at this concentration, it had no antiplasmodial effect. This last result could suggest pro-oxidant properties of ellagic acid in its antimalarial action. Ellagic acid could act as both a pro-and antioxidant in the same way as several polyphenols such as curcumin (14, 22) . It could be useful to carry out experiments to verify the pro-oxidant effects of ellagic acid, given that another antimalarial molecule (artesunate) seems to act by oxidative effects (2) . A clinical report has shown that a molecule with the dual activities of antioxidant and antimalarial was interesting in the case of severe malaria (30) .
In conclusion, ellagic acid is a natural compound with very good activity against malaria parasites and high synergy with current antimalarial drugs in vitro. In vivo activity tests showed a high therapeutic index by the intraperitoneal route. Moreover, the dual antioxidant and pro-oxidant properties of ellagic acid are interesting. However, an improvement of the oral antimalarial efficacy of ellagic acid could lead this molecule to being a new future antimalarial drug.
